We show how the simple extended Hückel theory can be easily parametrized in order to yield accurate band structures for bulk materials, while the resulting optimized atomic orbital basis sets present good transferability properties. The number of parameters involved is exceedingly small, typically ten or eleven per structural phase. We apply the method to almost fifty elemental and compound bulk phases.
I. INTRODUCTION
Accurate electronic structure calculations that involve large unit cells still represent a major challenge in solid-state physics, primarily due to their high computer demands. Despite the recent development of highly efficient ab initio, density functional theory-based formalisms that scale linearly with the unit-cell size, 1 it is still a common procedure to study this type of systems with the use of ͑semi͒-empirical tight-binding Hamiltonians that employ linear combinations of atomic orbitals ͑LCAO͒ as the basis. Following the SlaterKoster ͑SK͒ approach, 2 a preselected set of tight-binding parameters ͑TBP's͒ is fitted to accurate band structures that may either be calculated or extracted from experiments. 3, 4 Alternatively, and despite its long recognized deficiencies, the semi-empirical extended Hückel theory ͑EHT͒ is still often employed in electronic calculations for periodic and nonperiodic systems, [5] [6] [7] [8] [9] mainly due to its simplicity and the chemical insight it provides. 10 In most EHT studies the associated Hückel parameters are transferred between different chemical environments with the only and rather ambiguous requirement of providing a reasonable description of the electronic structure of the system. In the transfer process, it is also quite common to vary the AOs' on-site energies selfconsistently until a preselected charge distribution for the different atoms in the unit cell is achieved, 6, 8, 9 although the amount of charge transfer between the atoms, or even the assumption of atomic charge neutrality are somewhat dubious concepts and will in general lead to different electronic structures depending on the AO basis set selected.
Thus, the EHT has generally been regarded as a scheme capable of providing, at most, qualitative trends on the bonding chemistry and bonding geometry of the system. 5 Muller et al. 8 attempted a parametrization for nickel and aluminum via a fit to accurate band structures, and concluded that the EHT could not accurately reproduce k-resolved quantities such as the density of states (k ជ ) or the band structure, although Brillouin Zone integrated ͑or energy integrated͒ quantities presented a much better agreement with the accurate calculations. On the other hand, Nishida 7 achieved a remarkable fit for Si within the EHT formalism by defining a rather large parameter basis set that resembled a typical SK-TB parametrization. However, it is surprising that, to our knowledge, a systematic quantitative study on the accuracy attainable with the EHT when applied to different bulk materials has not yet been attempted.
In this contribution, we apply a new EHT parametrization scheme to different elemental and compound solids, which is based on the SK approach. Contrary to the general belief, we find that the EHT, when compared to the traditional SK tight-binding results, 3, 4 can provide a similar level of accuracy while presenting several important advantages inherent to the theory itself, namely: ͑i͒ a considerable reduction in the number of parameters to be fitted, ͑ii͒ natural scaling laws for the AO's interactions and, ͑iii͒ an enhancement of the transferability of the parameters for their use in different chemical environments. Our approach is in essence similar to the recent TB parametrization of M.J. Mehl et al., 11 who have generalized the extensively used set of TBP's of Ref. 3 ͑hereafter referred as DAP͒, in order not only to account for the dependence of the overlap and Hamiltonian matrix elements on distance, but also to reproduce total energy trends and elastic constants. To this end, they fit the TBP's of each element to accurate band-structure calculations for different structural phases at different lattice constants, whereas the on-site energies are made dependent on a pseudoatomic density specific for each elemental phase. 11 However, the fits involve up to around 70 parameters per element.
We explain our parametrization method in the next section, also providing tables with the optimized AO basis sets and the on-site energies for all the cases studied. In Sec. III, an outlook of our approach is given together with the conclusions of this work.
II. EHT PARAMETRIZATION SCHEME
Within the EHT ͑Ref. 10͒ an orthonormal AO basis set ͕␣i͖ is chosen for each inequivalent atom i. Generally, the basis involves rather extended radial wave functions, although any other type of basis set may be employed as well. The Hamiltonian matrix elements H ␣i,␤ j between any two AO's, ␣ and ␤, centered at atoms i and j(i j),respectively, are approximated by setting them proportional to the corresponding overlap O ␣i,␤ j according to H ␣i,␤ j ϭK ␣i,␤ j •O ␣i,␤ j , where K ␣i,␤ j only depends on the on-site energies of both elements, E ␣i and E ␤ j . Despite the existence of different formula for K ␣i,␤ j , 6, 12 we have employed in this work the form: K ␣i,␤ j ϭK EHT ϫ(E ␣i ϩE ␤ j )/2, where K EHT is a dimensionless constant tradionally set to a value of 1.75. 13 It is important to notice from the above formula that the strength of the Hamiltonian matrix elements is weighted by the mean value of the on-site energies, so that a shift in energy of these on-site parameters does not translate into a rigid shift in energy of the EHT-derived band structure. Therefore, and in order to avoid any arbitrariness in the origin of the energy scales, we have fixed the Fermi level for transition metals to Ϫ10 eV and the top of the valence band for semiconductors to Ϫ13 eV. We have then found that increasing K EHT to 2.3 consistently provided better fits for all elements, although we recall that similar good fits may be obtained with K EHT ϭ1.75 if the Fermi level is lowered to around Ϫ20 eV. Our EHT parametrization scheme is then as follows. We employ a minimal spd basis set per element, while each AO is described by a double-Slater wave function. Apart from the on-site energies (E s , E p , and E d ͒, this leads to three parameters per l quantum number: the exponents 1 and 2 ͑with 1 Ͻ 2 ), and the coefficient for the former, c 1 . The second coefficient, c 2 , is determined by imposing normalization of the wave function. For transition metals the optimization of the three AO parameters was found to be redundant for the s and p orbitals, and equally good fits could be obtained by fixing 2 to a rather large value: 2 Ͼ20.0. Since such a highly localized term gives a negligable contribution to the overlaps with neighboring orbitals, we explicitly omit it, while allowing the coefficient c 1 to take values smaller than 1.0 ͑i.e., the 2 Slater orbital only contributes to the normalization of the wave function͒. For the d orbitals, on the contrary, we have found necessary to include the 2 contribution. Hence, our transition metal fits comprise 10 parameters per elemental phase. In order to improve the transferability of the EHT-TBP's, we have also optimized the AO basis set of a given element simultaneously for different structural phases ͑e.g., Ti-fcc, -bcc, and -hcp͒, while the onsite energies have been treated as independent parameters for each phase. For the spin polarized phases of Fe, Co, and Ni, we have additionally varied the c 1 coefficient of the d orbitals independently for each spin, since the d bandwidths are larger for the spin minority bands than for the majority ones.
The accurate band structures used in the optimization of the EHT parameters for transition metals were calculated employing the DAP's two-center non-orthogonal set of TBP's. For the fits, we selected N k Ϸ30Ϫ40 representative k points both at high symmetry directions and at equispaced grid points inside the irreducible Brillouin Zone, and included all bands up to 4-5 eV above the Fermi level, 14 which was always fixed to Ϫ10 eV (K EHT ϭ2.30). We set a cut-off radius for the AO overlaps and interactions of r c ϭ9.0 Å for all cases, and checked that this value already provided well-converged energy bands.
The parameter optimization was carried out via conjugate gradient minimizations 15 of the root mean square deviation ͑rms͒ between the EHT bands and the accurate ones. In order to avoid the algorithm to home at undesired local minima we also seldom employed the simulated annealing optimization technique, 15 which does not require a good initial set of parameter values for locating the global minimum.
The final optimized AO basis sets are listed in Table I , while the on-site energies for each fitted elemental phase are given in Table II , together with some details of the fit. We also present in Fig. 1 energy bands, together with their respective accurate ones, for some representative phases. The accuracy of these EHT-derived parameters is mirrored by rom values below 100 meV for most cases. These values compare well with the accuracy of the fits obtained within the two-or three-center orthogonal approximation by DAP, although our EHT fits involve less than half the number of parameters for each phase. The transferability of the AO basis sets is evidenced by noting from Table II the good agreement obtained for the different phases considered for the elements Sc, Ti, Mn, Fe, Co, Ni, Zr, Tc, or Ru. Furthermore, an important point which renders our EHT-TBP's physically meaningful is the fact that they follow the expected trend of a stronger AO localization ͑i.e., larger 1 or c 1 ) as the corresponding on-site energy becomes lower in energy ͑i.e., the AO becomes more tightly bound͒. It is also worth mentioning that the fits obtained following the same scheme but employing a smaller cut-off radius (r c ϭ5 Å) are only slightly worse by roughly 40% than those given in Table II , even though the energy bands are not fully converged and the transferability of the TBP's is considerably worsened for such a small range of interactions.
A second test for the transferability of the AO basis sets consists in modifying the chemical environment in addition to the geometrical environment. To this end, we have also considered several compound materials: AlP, AlAs, GaP, and GaAs. We have performed the same type of optimization as described above, fitting the band structures of the four semiconductors together with those for Ga-fcc and Al-fcc simultaneously. For the latter, we have again used as the accurate bands those of DAP, while for the III-V compounds we employed the quasiparticle band structure calculations of X. Zhu et al., 16 fixing the top of the valence band to Ϫ13 eV and including just the ⌫, X, and L k points in the fit up to Ϫ5 eV. For the description of Ga we supressed the 3-d AO's since they are highly localized ͑yielding a very narrow d band in the metallic phase͒, and used the 4-d excited orbitals in order to improve the fit of the high-energy bands. Therefore, this calculation comprised four elements in six different phases, involving up to 62 parameters in total.
The resulting optimized EHT-TBP's are included in Tables I and II , following the same format as the one used above for the transition metals. This time, we find that, for the 6 elements involved, the p AO's need to be explicitly described by double-Slater orbitals, while the d orbitals may be simplified to single-͑with c 1 as an additional parameter͒ for Ga and P. The corresponding band structures are displayed in Fig. 2 , where the data points used for the semiconductor fits are indicated by open circles. We again confirm the good performance of the EHT-TBP's; for the semiconductors, although the number of data points fitted is just 14, the rms values obtained are remarkably small, implying that the energy gaps are accurately reproduced, whereas for the Ga and Al metallic phases we still find a satisfactory agreement. We also present in Fig. 2 ͑dotted lines͒ the bands deduced from the recently published set of orthogonal SK-TBP's of Jancu et al., 4 which was restricted to the first nearest neighbors interactions. Despite the fact that Jancu et al. employed a larger basis set than ours, we consistently find a better fit to the pseudopotential results with our approach.
The transferability of the so derived As and P AO basis sets has next been tested by performing a further optimization for InAs, InP, and metallic In-fcc. During the simultaneous fit for the three phases, we kept fixed the AO param-eters of As and P to the values given in Table I , while their on-site energies were varied independently for each phase, together with the parameters relevant to In. The number of parameters involved in the fit was then 22. Accurate bands were extracted from Ref. 16 and from DAP. The results are again encouraging, as we obtain rms values of just 32 and 42 meV for the two semiconductor phases and 111 meV for In-fcc ͑see Tables I and II͒, reflecting the high transferability of the AO basis sets. We also show in Fig. 2 the corresponding band structure plots.
For completeness, we have finally derived EHT parameters for Si, diamond and SiC, for which we placed the top of the valence band at Ϫ13, Ϫ15, and Ϫ14 eV, respectively ͑we again set r c ϭ9 Å). Accurate band structures for the three phases were taken from the quasiparticle calculations of M. Rholfing et al. 17 For diamond and Si we also included in the fit their respective conduction-band minima ͑CBM͒ since they are not located at high-symmetry points but along the ⌫Ϫ(⌬)ϪX line. Moreover, and in order to improve the fit around the gap region, we included an energy dependent weight function in the rms evaluation so that data points close in energy to the gap were given special emphasis. On the other hand, owing to the large dispersion of the diamond bands, we found that accurate results throughout the entire energy range could only be obtained if K EHT was considerably increased. Hence, in the EHT optimization, we kept K EHT ϭ2.3 for Si, but used K EHT ϭ2.8 for diamond. In the SiC case, we retained these values for the Si-Si and C-C interactions, respectively, while for the Si-C interactions we employed their mean value K EHT ϭ2.55. From the results listed in the tables and shown in Fig. 2 , we still find a satisfactory performance of the EHT, although the rms values are somewhat larger than those obtained for the III-V semiconductors, attaining values close to 100 meV. The EHT ͑accu-rate͒ energy gaps are 5.85 eV ͑5.67 eV͒ for C and 1.30 eV ͑1.31 eV͒ for Si, while the CBM are correctly located within the ⌫ϪX line. We should notice, however, that the energy difference between the CBM and the first conduction band at X 1c is around half the value obtained in Ref. 17 both for Si and diamond. Nevertheless, we checked that this discrepancy could be removed by further increasing the rms weights around the gap region, although this lead to a poorer description of the lowest valence bands.
III. FINAL DISCUSSION AND CONCLUSIONS
We have presented a EHT parametrization scheme for bulk materials, which employs a very reduced parameter basis set and still provides transferable AO basis while maintaining an accurate description of the electronic structure. 18 The main difference from the traditional TB schemes is the explicit definition of the AO's, which might look at first glance as a disadvantage, since it requires the calculation of the overlap matrix elements. However, the computational effort involved in constructing the actual overlap O(k) and Hamiltonian H(k) matrices is minimal ͑only two-center integrals plus the simple EHT formula are involved͒ and more importantly, for a fixed cut-off radius r c , it scales linearly with the number of orbitals in the unit cell. Moreover, we regard the explicit use of AO's as advantageous, particularly in what concerns the transferability of the EHT-TBP's, since the dependence of the overlap terms O ␣i,␤ j on the interatomic distance d i j readily provides a natural scaling law that is not restricted to small variations of d i j . A further advantage is the possibility to obtain the local density of states (E,r ជ ), while the traditional TB methods only provide real space integrated quantities.
We should finally stress that the TBP's deduced in this work do not correspond to the best fits attainable with a Hückel type Hamiltonian. There still exists a great freedom for increasing the actual parameter basis set, such as the use of triple-or multi-Slater orbitals or any other type of AO's, the inclusion of three-center corrections 2, 3, 19 or using K EHT as a further parameter for each pair of orbital interactions. Indeed, the latter option seems necessary in the case of diamond in order to attain an accurate fit for the lowest energy bands. Furthermore, if one is only interested in the electronic structure within a small energy window ͑such is the case for transport properties in metals or optical properties in semiconductors͒, the accuracy may also be improved by using larger weights in the calculation of the rms for the data points contained in the energy range of interest. We also believe that the present scheme may be easily modified in order to reproduce total energy trends, 11 although such a generalization is beyond the scope of this work. On the other hand, one may impose further restrictions on the basis set depending on the specific problem to be tackled without deteriorating too much the fit ͑e.g., specific AO decay lengths at surfaces, small cut-off radius for huge unit cells, etc.͒.
In conclusion, we hope that the present EHT parametrization scheme will be fruitful for future tight-binding studies.
